GAP1 m is a member of the GAP1 family of Ras GTPaseactivating proteins (GAPs) [1] . In vitro, it has been shown to bind inositol 1,3,4,5-tetrakisphosphate (IP 4 ), the water-soluble inositol head group of the lipid second messenger phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ) [2, 3] . This has led to the suggestion that GAP1 m might function as a PIP 3 receptor in vivo [4] . Here, using rat pheochromocytoma PC12 cells transiently transfected with a plasmid expressing a chimera of green fluorescent protein fused to GAP1 m (GFP-GAP1 m ), we show that epidermal growth factor (EGF) induces a rapid (less than 60 seconds) recruitment of GFP-GAP1 m from the cytosol to the plasma membrane. This recruitment required a functional GAP1 m pleckstrin homology (PH) domain, because a specific point mutation (R629C) in the PH domain that inhibits IP 4 binding in vitro [5] totally blocked EGF-induced GAP1 m translocation. Furthermore, the membrane translocation was dependent on PI 3-kinase, and the time course of translocation paralleled the rate by which EGF stimulates the generation of plasma membrane PIP 3 [6] . Significantly, the PIP 3 -induced recruitment of GAP1 m did not appear to result in any detectable enhancement in its basal Ras GAP activity. From these results, we conclude that GAP1 m binds PIP 3 in vivo, and it is recruited to the plasma membrane, but does not appear to be activated, following agonist stimulation of PI 3-kinase. 
Results and discussion
To address the issue of whether GAP1 m binds PIP 3 in vivo, we transfected PC12 cells with a plasmid expressing a chimera of GFP fused to the amino terminus of GAP1 m (GFP-GAP1 m ). Using single-cell live imaging we analysed the localisation of GFP-GAP1 m prior to, and during, stimulation with EGF, an agonist that generates PIP 3 in these cells [6] . In unstimulated cells, GFP-GAP1 m resided in the cytosol (Figure 1a) , whereas following EGF stimulation (100 ng/ml) GFP-GAP1 m was rapidly recruited to the plasma membrane (Figure 1b ). This recruitment required the GAP1 m PH domain, because deletion of the two amino-terminal C2 domains (creating the fusion protein GFP-∆C2GAP1 m ) had no effect on the agonist-stimulated recruitment (Figure 1c,d ). However, a point mutation within the PH domain (creating GFP-GAP1 m R629C) that inhibits IP 4 binding [5] clearly ablated the EGF-stimulated plasma membrane recruitment of the fusion protein (Figure 1e ,f).
To address whether the ability of EGF to stimulate PI 3-kinase was required for the recruitment of GAP1 m to the plasma membrane, we preincubated transfected PC12 cells with either of two PI 3-kinase inhibitors, wortmannin (100 nM) or LY294002 (50 µM). In the presence of either of these inhibitors, EGF-stimulated GFP-GAP1 m translocation was almost completely blocked ( Figure 2 ). To negate the possibility that these inhibitors were having non-specific effects, we also co-expressed GFP-GAP1 m with a dominant-negative version of the regulatory p85 subunit of PI 3-kinase (∆p85), which blocks PIP 3 elevation by uncoupling the ability of activated EGF receptor to stimulate PI 3-kinase. Clearly, ∆p85 expression inhibited the ability of EGF to stimulate GFP-GAP1 m recruitment ( Figure 2 ).
In PC12 cells, EGF stimulation causes a rapid transient peak of PIP 3 that is maximal after approximately 1 minute and decays so that after 15 minutes PIP 3 levels are slightly elevated above basal [6] . Using time-lapse confocal microscopy we therefore examined the kinetics of GFP-GAP1 m plasma membrane recruitment. An initial appearance of GFP-GAP1 m at plasma membrane ruffles was detectable within 30 seconds of EGF addition. This recruitment was transient in nature, the GFP-GAP1 m having almost completely returned to the cytosol after 16 minutes of EGF stimulation (Figure 3 ). The data described above strongly suggest that the plasma membrane recruitment of GAP1 m is a consequence of the ability of its PH domain to bind PIP 3 , and hence demonstrates that GAP1 m does indeed bind PIP 3 in vivo.
In order to analyse the effect of the PIP 3 -induced recruitment on the Ras GAP activity of GAP1 m , we transiently transfected COS-7 cells with H-Ras, either alone, or in combination with GAP1 m and a membrane-targeted version of PI 3-kinase termed p110 CAAX (under these conditions GAP1 m is located at the plasma membrane due to the elevated levels of 3-phosphoinositides that result from p110 CAAX overexpression; see Supplementary material published with this paper on the internet). In serumstarved cells, a substantial amount of overexpressed H-Ras is in the GTP-bound state and the effect of GAP1 m on the GTP levels of transfected H-Ras can therefore be assayed using a glutathione-S-transferase fusion protein of the Rasbinding domain from Raf (GST-RBD; Figure 4 ). It is clear from Figure 4 that the overexpression of p110 CAAX was unable to cause any further decrease in the amount of H-Ras-GTP that was recovered compared with controls. This demonstrates that the plasma membrane recruitment of GAP1 m does not appear to lead to any detectable increase in its Ras GAP activity, a surprising result considering that under these conditions GAP1 m is effectively enriched in the same membrane environment as Ras. This might indicate that the Ras GAP activity of GAP1 m is inhibited by recruitment to the plasma membrane, an interpretation consistent with the ability of phospholipids to inhibit the Ras GAP activity of GAP1 m in vitro [5] . In this respect, PIP 3 might therefore simply function to concentrate GAP1 m at the plasma membrane so that it can carry out a function other than inactivating Ras. For instance, as GAP1 m preferentially binds Ras-GTP [7] it may be viewed as a potential PIP 3 -regulated Ras effector, a conclusion consistent with a number of studies that have indicated that Ras can regulate multiple signalling pathways [8] [9] [10] [11] .
In summary, we have highlighted a mechanism through which cytosolic GAP1 m is recruited to the plasma EGF stimulates the rapid PH-domain-dependent recruitment of GFP-GAP1 m from the cytosol to the plasma membrane of PC12 cells. PC12 cells were transfected with either (a,b) pEGFP-GAP1 m , (c,d) pEGFP-∆C2GAP1 m or (e,f) pEGFP-GAP1 m R629C. After 48 h, cells were serum-starved for 3 h and imaged by confocal laser scanning microscopy (a,c,e) in the absence of EGF or (b,d,f) 1 min after addition of 100 ng/ml EGF. Transfection and imaging were carried out as previously described [16] . The scale bars represent 10 µm. L Y 2 9 4 0 0 2 W o r t m a n n i n Percentage of translocation membrane following PIP 3 generation. Although this PIP 3 -induced recruitment does not appear to directly stimulate the Ras GAP activity of GAP1 m , it nonetheless localises GAP1 m to the same membrane environment as Ras and might allow the proposed regulation of the GAP1 m Ras GAP activity by the heterotrimeric G protein Gα 12 [12] . These observations add further support to the observed link between Ras and PI 3-kinase signalling [13, 14] .
Materials and methods.

Cloning of GAP1 m constructs
Plasmid pGEX-GAP1 m (constructed as described [15] ) was digested with BamHI and XhoI and the resultant GAP1 m open-reading frame was cloned into the BglII and SalI sites of pEGFP-C1 (Clontech) to produce pEGFP-GAP1 m . Plasmid pEGFP-∆C2GAP1 m was generated using the Expand Hi-Fidelity PCR system (Boehringer Mannheim) with the primer combinations of: sense, 5′-TTTTGAATTCTAAAACTGATGACCTGGGGTCTC-3′; and antisense, 5′-TTTTGTCGACCTAAGATGCTTTCCCAACAATTG-3′, containing EcoRI and SalI restriction sites, respectively. PCR parameters were 1 min at 94°C, 1 min at 60°C, and 3 min at 68°C for 30 cycles. The resultant plasmid pEGFP-∆C2GAP1 m was fully sequenced prior to use. Plasmid pEGFP-GAP1 m R629C was generated using the QuikChange site-directed mutagenesis kit (Stratagene).
Raf Ras-binding domain pull down of H-Ras-GTP
COS-7 cells were transfected in 6 cm dishes (5 × 10 5 cells) by lipofection (Lipofectamine, Gibco BRL) with combinations of wild-type H-Ras, Myc-tagged GAP1 m and Myc-tagged p110 CAAX . At 24 h after transfection, cells were serum-starved for a further 24 h before being lysed in 50 mM Hepes pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.5 mg/ml benzamidine, 5 mg/ml aprotinin, 5 mg/ml leupeptin, 5 mg/ml pepstatin A, 5 mg/ml trypsin inhibitor and 1 mM DTT containing 1% Triton X-100 and 10 mM MgCl 2 . Nuclear-free supernatants were incubated with GST-RBD on glutathione-agarose beads at 4°C for 30 min. The beads were then collected by centrifugation and washed three times with ice-cold PBS, 0.1% Triton X-100 and 10 mM MgCl 2 . Ras proteins were separated by SDS-PAGE and visualised by immunoblotting on nitrocellulose filters using pan-Ras antibodies (Oncogene Science) and enhanced chemiluminescence (Amersham).
Other methods
Cell culture, transfection and live imaging of PC12 cells have been described [16] .
Supplementary material
A figure showing translocation of GAP1 m to the plasma membrane following expression of p110 CAAX and methodological details of the expression and purification of the Raf Ras-binding domain are published with this paper on the internet.
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Figure 3
Time-lapse confocal imaging of the EGF-stimulated translocation of GFP-GAP1 m to the plasma membrane of PC12 cells. Plasmid pEGFP-GAP1 m was transfected into PC12 cells and a selected cell was serum-starved and imaged 48 h later; the number in each panel refers to the time (sec) at which images were collected. EGF (100 ng/ml) was added immediately after collection of the 0 sec image. Similar data were obtained from 10 other cells. 
Figure 4
The activity of GAP1 m towards Ras is not enhanced following expression of p110 CAAX . COS-7 cells were transfected with H-Ras (Ras) either alone or in combination with GAP1 m and p110 CAAX . At 48 h after transfection, GTP-bound Ras was extracted from the cell lysate using GST-RBD coupled to glutathione-agarose, separated by SDS-PAGE and visualised by immunoblotting using pan-Ras antibodies. Cell lysates (50 µg) were also separated by SDS-PAGE and expression levels of transfected Ras, GAP1 m and p110 CAAX were visualised by immunoblotting using pan-Ras and Myc (9E10) antibodies. 
Supplementary materials and methods
Expression and purification of the Raf Ras-binding domain
A bacterial culture of BL21(DE3) Escherichia coli cells, harbouring the plasmid pGEX KG containing the Raf Ras-binding domain (amino acids 1-149), was induced at OD 600 0.4-0.6 for 3 h at 37°C with 1 mM isopropyl-1-thio-β-D-galactopyranoside (IPTG; Calbiochem). The cells were then lysed by sonication in phosphate-buffered saline (PBS) containing 1 mM EDTA, 1% Triton-X-100, 10 mg/ml aprotinin and 10 mg/ml leupeptin. The lysate was clarified by centrifugation and incubated with glutathione-agarose (Sigma) for 2 h at 4°C. The agarose beads were washed four times with buffer A (20 mM Hepes pH 7.5, 100 mM NaCl, 10% glycerol, 0.5% NP-40, 2 mM EDTA, 10 mg/ml aprotinin and 10 mg/ml leupeptin) and finally stored at 4°C as a 1:1 slurry in buffer A containing 0.1% NaN 3 .
Supplementary material
Figure S1 
